Alcohol dehydrogenase null-activity alleles extracted from a number of natural populations of Drosophila melanogaster in Tasmania were. shown to be molecularly similar by probing, with an oligonucleotide specific to an inserted region in intron 2 of the gene, genomic DNA amplified by the polymerase chain reaction. This insertion had previously been shown to be the cause of the loss of activity in one of the null alleles whose DNA sequence was known. Three Adh null alleles from mainland populations did not contain the insertion. Two of these null alleles, extracted from the Coffs Harbour population in different years, were cloned, and their DNA sequences showed that they were identical and that both had a 438-bp deletion which removed most of exon 2. The third null allele, identified in a sample of flies from Chateau Tahbilk, was shown by 4-bp restriction-endonuclease mapping to contain a 320-bp insertion in intron 1, although this may not be the cause of the loss of activity. The data show that at least three different Adh null alleles have been found in Australian populations and that at least two have been maintained as heterozygotes over a period of years.
Introduction
The very extensive surveys of genetic variation in natural populations, carried out over the past 30 years, have occasionally uncovered null-activity alleles at structural gene loci. , reviewing these occurrences, noted that null alleles had been reported for at least one structural gene in studies of 34 different plant and animal species. The prevalence of null alleles is particularly well documented in human populations, in which more than 100 metabolic diseases due to null-or low-activity variants have been described (Raivio and Seegmiller 1972; Mohrenweiser 
1).
The frequencies of null-activity alleles at structural gene loci in natural populations mainly fall within the range that can be explained by the balance between mutation and selection. In Drosophila melunogaster, mutation rates to null alleles have been estimated to be 1.03 X low5 over five loci (Mukai and Cockerham 1977) and 3.86 X lop6 over seven loci (Voelker et al. 1980) , while in newborn infants the frequency of enzyme-deficiency variants has been estimated to be 0.0024 (Mohrenweiser 198 1) . Specific studies aimed at assessing the frequency of null alleles in natural populations have observed values of 0.0031 over 29 loci in Pinus ponderosa, 0.0028 over 27 loci ,4dh Null Alleles in Drosophila Populations 25 1 in P. resinosa (Allendorf et al. 1982) , and 0.0024 over 20 autosomal loci in D. melanogaster (Langley et al. 198 1) .
Exceptions to these low values have been reported, but they generally refer to null alleles at duplicated loci ( Allendorf et al. 1984) where one copy of the gene retains a normal level of activity. An unusually high frequency of null-activity alleles at a single autosomal structural gene locus has recently been observed by Freeth and Gibson ( 1985 ) in Tasmanian (Australia) populations of D. melanogaster. They reported that the frequency of null-activity alleles at the alcohol dehydrogenase ( ADH) locus (A&) was 3.9% in one natural population and that in other populations, ~300 km away on the same island, frequencies were > 1%.
Comparisons of the biochemical properties of some of the A& null alleles isolated from Tasmanian populations showed that they were similar to each other in that none of them produced ADH-CRM (cross-reacting material), yet they were transcribed, giving a low level of an mRNA -200 bases longer than normal . This apparent homogeneity might be an indication that the null alleles are molecularly the same, although the similarity in properties could be caused by different structural changes in the gene. If null alleles extracted from different Tasmanian populations contain the same molecular lesion, it would imply either that they are identical by descent and have spread from the population in which they first arose or, less probably, that the same mutation is recurrent. The DNA sequences of two of the Tasmanian null alleles, one from Huonville, Adh"AH52, and the other from Cygnet, Adh"'=14, revealed that both alleles contained the same alteration to intron 2, with eight extra bases inserted as two groups of four (Gibson and Wilks 1989; Freeth et al. 1990 ). In addition, Adh"AC'4 contained a stop codon, TAG, in exon 2; however, the results of Sl nuclease protection experiments suggested that the structural change in intron 2 was responsible in both null alleles for the altered transcription patterns (Freeth et al. 1990) .
Following the detection of null alleles in the Tasmanian populations, we have found Adh null alleles in surveys of a number of other Australian populations, albeit at lower frequencies than those found in Tasmania. Also, in two separate laboratories, null alleles have turned up among relatively small samples ofAdh alleles isolated from natural populations. To test the similarities of these null alleles we have examined the molecular structures of null alleles isolated from four Tasmanian populations and compared them with Adh null alleles isolated from three mainland populations. The results show that molecularly different Adh null alleles are present in Australian populations of D. melanogaster and that they have arisen from both AdhF and Adhs.
Material and Methods
The naturally occurring Adh null alleles we have investigated are listed in table 1. They are identified by the initial letter(s) of the population from which they were extracted and, if appropriate, by the single female line in which the allele was detected.
The Tasmanian null alleles investigated were taken at random from -30 that had been extracted from four natural populations on different occasions between 1983 and 1986. Because of the ephemeral nature of Drosophila melanogaster breeding sites, samples from the same locality might be collected some distance apart (although usually not >4 km) in different years. For example, the samples from Coffs Harbour that were collected in 1984 and 1986 were from different banana plantations -2 km apart, whereas at Cygnet (Tasmania) the collections were made in different areas of an apple-processing factory. All of the null alleles lacked ADH activity both in adults and in larvae. Prior to use, adult flies from each null-allele line were tested by exposure to 5% pentenol vapor to check that the line was not contaminated with normal activity A& alleles. Two control A& alleles encoding normal levels of ADH, AdhAC8 and AdhAC5, were also used; both had been extracted from the Cygnet population in 1983. Genomic DNA was extracted from adults, either by the cesium chloride method described elsewhere (Gibson and Wilks 1989) or by the methods described by Chia et al. ( 1985 ) and Agrotis ( 1990) . The restriction maps of some of these null alleles were obtained using endonucleases which recognized six bases ( Jiang et al. 1988 ) . Adh nAChT was analyzed in more detail by using four-base cutters and the methods described by Agrotis ( 1990) . Two regions of genomic DNA (see below) were amplified by the polymerase chain reaction (PCR) (Saiki et al. 1988 ) using the same 5' primer but with two different 3' primers. The first pair of primers, JG 14 ( 5 '-AACCGA-AGCTTCTGCTGTAC-3 ') and JG 2 1 ( 5'-GGATTGATTGCCTTCAGCTC-3 ') , were designed to amplify a 360-bp fragment of the Adh gene from nucleotides 647 to 1006 [ nucleotide numbering follows that of Kreitman ( 1983 ) ] , which included all of exon 1 and intron 2 ( fig. 1 ). The second pair of primers was JG 14 and JG 48 (5'-TGTGCATCGAATCAGCCT-3 '), and these were chosen to amplify a 1,135-bp fragment from nucleotides 647 to 178 1, which included all three Adh exons together with introns 2 and 3 ( fig. 1 ). Approximately 50 ng of genomic DNA was amplified using 2.5 units of Tug DNA polymerase in 100 ~1 of reaction mixture containing the two primers ( 1 .O pM each), dNTPs (each 200 uM each), and 10 ul of buffer [ 500 mM KCl, 100 mM TrisCl, pH 8.3, 15 mM MgClz, and 0.1% (w/v) gelatin]. Each PCR cycle, repeated 35 times, consisted of 30 s for denaturation of DNA at 94°C 1 min for annealing at 6O"C, and 1 min for primer extension at 72°C with 7 min at 72°C following the final cycle. A Perkin Elmer-Cetus thermal cycler was used to control the temperatures and the ramp times. For dot-blot tests, 2 J.L~ of PCR-amplified DNA was applied to dry nitrocellulose (Schleicher and Schuell), which was then air-dried for 10 min, denatured in a solution of 0.8 M NaCl and 0.4 M NaOH for 20 min, neutralized in a solution of 0.5 M Tris and 1.5 M NaCl (pH 7.4) for 3 min, blotted dry on Whatman 3MM paper, and baked at 80°C for -2 h. The baked nitrocellulose filter was sealed in a plastic bag with prehybridization mixture, [ 3 X saline sodium citrate (SSC) containing 0.2% polyvinylpyrrolidone, 0.2% Ficoll-400, 0.2% bovine serum albumin, 0.1% sodium pyrophosphate, 0.1% sodium dodecyl sulfate (SDS), 1 mM ethylenediaminetetraacetate disodium, and 30 pg denatured herring sperm DNA/ ml) and incubated for 1 h at 53°C. An 18-mer oligonucleotide that perfectly matched the sequence of Adh nAH52 (nucleotides 880-897) in which there are eight extra bases (in italics), 5'ACTTCAGATGCCCGCGAT3', was labeled with "I-32P-ATP (Bresatec), added to the plastic bag, and hybridized overnight at 53°C. The filter was washed at room temperature for 1 h, with the wash solution (2 X SSC containing 0.1% sodium pyrophosphate and 0.1% SDS) changed every 15 min and then was washed for 1 min at 53°C. The filter was blotted twice on Whatman 3MM paper, airdried for -3 hrs, was wrapped in plastic film, and was exposed to Kodak film (XRP-1) at -70°C for ~2 h. The EcoRI fragments containing the Adh transcription unit from each of the two null alleles AdhtiCH'" and Adh"'CH449 were cloned in lambda Zap II (Stratagene), and the p Bluescript phagemid was excised. The DNA sequences of both strands of Adh nAcH'o5 and Adh n4cH449 were determined from nucleotides -64 to 1802 by using the dideoxy chain-termination method (Sanger et al. 1977 ) with 10 synthetic oligonucleotide sequencing primers. Synthetic oligonucleotides were prepared on a 380B Applied Biosystems DNA synthesizer. The nucleotide sequence data reported for Adh n4CH'05 are in the EMBL, GenBank, and DDBJ Nucleotide Sequence Databases, under accession number M73256.
Results

Adh Null Alleles from Tasmania
The molecular structures of Adh null alleles extracted from four Tasmanian pop ulations of Drosophila melunoguster were first compared with each other. It had previously been shown that, compared with the standard sequence (Kreitman 1983) , the DNA sequence of Adh"AH52 and AdhtiC14 has eight extra bases in intron 2 (Gibson and Wilks 1989; Freeth et al. 1990 ). PCR amplification of DNA from the region between nucleotides 647 and 1006 is expected to produce a 368-bp fragment in null alleles that have a structure similar to that of Adh"AH52 ( fig. 1) . Fragments of the expected size were produced using the primer pair JG 14 and JG2 1 with genomic DNA from Adh nAH52, Adh nA T33, Adh nAc14, and the control normal activity Adh alleles ( fig.  2) . The null-allele-specific oligonucleotide probe, which contained the insertions known to be present in Adh n4H52, hybridized to amplified DNA from the three Tasmanian null alleles but not to that from the control alleles ( fig. 2) .
Six other Adh null alleles, extracted between 1983 and 1985 from four different geographically separate Tasmanian populations, were also tested using PCR-amplified DNA and the null-allele-specific oligonucleotide probe, and each of them gave a positive hybridization ( fig. 2 ). These results demonstrate that the Adh null alleles investigated from natural populations in Tasmania all have, in intron 2, the same molecular structure shown to be the cause of the loss of ADH activity in AdhtiH51 and Adhtic" (Gibson and Wilks 1989; Freeth et al. 1990) . Sequence data (Gibson and Wilks 1989) have shown that this type of null allele is probably derived from AdhF.
Adh Null Alleles from Mainland Australia
Three null alleles that had been isolated from mainland Australian natural populations were available for analysis and comparison with the structure of the Tasmanian   FIG. 2. --In panel a, the upper part of the figure shows genomic DNA PCR amplified using the primer pair JGl4/ JG2 1, and the lower sections show the results of probing the amplified DNA with the 18 mer oligonucleotide specific to the region of the two insertions in Mh""H52. The DNA size marker is Sppl digested with EcoRI. In panel b, the conditions are as in panel a, except that the DNA was amplified using the primers JG14 and JG48. These results were derived from four separate experiments. In each experiment there was a lane with the DNA size marker and lanes with positive and negative controls. To avoid repetition, these extra lanes are not shown. Although the hybridization intensity varied between experiments, within an experiment the intensities of controls and test samples were consistent. null allele. To test whether they also had the insertions in intron 2, we used the same pair of primers (JG 14 and JG2 1) in the PCR to amplify the region spanning intron 2. The amplification was successful for the null allele (A&z"'~~') extracted from the Chateau Tahbilk population but not for the two null alleles (A&z~~~'~' and Adh"'CH449) extracted from the Coffs Harbour population ( fig. 2) . However, the insertion-specific oligonucleotide probe did not hybridize to the PCR-amplified DNA from AdhdchT.
For these three null alleles, the 5 ' primer (JG14) was next used with a different 20-mer 3' primer (JG48), to amplify a 1,135-bp region (see fig. 1 ). When this second pair of primers was used, a fragment of the expected size was produced from genomic DNA of Adh"lchT (and AdhtiC14 used as a control), but both Adh"ACH449 and AdhtiCHfo5 gave a smaller fragment of -697 bp; the null-allele-specific oligonucleotide probe also failed to hybridize to any of these fragments, except that in the control AdhtiC'" (fig. 2) .
These data show that the three Adh null alleles extracted from mainland Australian populations are molecularly distinct from the Tasmanian null alleles. A detailed restriction map of the 3-kb region surrounding the Adh transcription unit in AdhnAChT was made using 4-bp-cutting restriction endonucleases. This analysis revealed an insertion of -320 bp in intron 1, in the region between nucleotides 392 and 423. There was also a deletion of -30 bp between nucleotides 2349 and 25 16,3' to the translated region of Adh. The analysis also suggests that this null is derived from an AdhS allele. First, the insert V' at position 447 (see table 2), which Kreitmann ( 1983) found in three of the five AdhF alleles he sequenced, was not present in AdhMChT. Second, at two sites, restriction variants that are in strong linkage association with AdhS alleles (Kreitman 1983; Kreitman and Aguade 1986; Agrotis 1990) were present. One of these is the absence of the DdeI site at positions 15 18 to 1522 (corresponding to a C at 15 18 in table 2)) and the other is the presence of the DdeZ site at positions 1527 to 153 I, corresponding to a T at 1527 (table 2 ) .
Similar four-base cutter analyses of Adh nAcH'w and Adh nAcH449 (data not shown ) were consonant with the data obtained by the PCR, in showing that in both genes there was a deletion of -400 bp in a region that encompassed exon 2 (and consequently the binding site for primer JG2 1). To define these deletions and test whether they were molecularly the same, EcoRI fragments containing the Adh transcription units from Adh"AcH'05 and Adh"'CH449 were cloned in lambda Zap II (Stratagene), and in each allele 1,866 nucleotides, spanning the Adh locus, were sequenced in each strand.
The DNA sequence data confirmed that there was a deletion of 438 bp, which included most of exon 2, in both of the Coffs Harbour null alleles. The nucleotide sequences of the two nulls were identical. The exact breakpoints of the deletion cannot be deduced because in both null alleles the sequence from nucleotide 897 is GGCTCCCTGG, whereas in the consensus sequence it is all been previously reported in normal activity alleles (Kreitman 1983) , with the exceptions of the change of A423 to T (which is also present in Adh"AH52 andAdh"4C'4) and the insertion of an extra T between 1732 and 1733 (table 2) . Comparisons with the consensus sequences of AdhF and AdhS show that the Coffs Harbour null alleles are more similar to AdhF than they are to AdhS (table 2) . Both null alleles had the sequence ACG at the sites ( 1489 to 1491) coding for the polymorphic Lys+Thr substitution, indicating that they were both derived from AdhF.
Discussion
These analyses have shown that the Adh null alleles extracted over a period of 3 years from Tasmanian natural populations of Drosophila melanogaster all have, in intron 2, the same insertions that have been shown to disrupt normal mRNA processing and to cause a lack of ADH activity (Gibson and Wilks 1989; Freeth et al. 1990 ). Thus the Tasmanian Adh null alleles are probably identical by descent.
Neither the data available on the frequencies of this Adh null allele nor its geographical distribution provide any clues as to where it first occurred. The null allele has been found in natural populations in the north and south of Tasmania, although its highest frequency is in one of the southern populations. The null is maintained at least in some of the populations over a number of generations, and the observed population frequencies have been close to polymorphic values, reaching nearly 4% in Huonville. Given these frequencies, migration between populations may be sufficient to disperse the allele. Various fruits, particularly apples and grapes, are transported between the northern and southern regions of the island and no doubt allow D. melanogaster to migrate between populations in the two main fruit-growing areas. Waste from apple juice manufacture is used to supplement cattle fodder in the autumn and winter months, and it is known that apple waste from the processing plant at Cygnet provided the habitat for D. melanogaster at a dairy farm in Huonville.
The population data suggest that there is only weak selection, if any, against the heterozygotes between the null and normal activity Adh alleles (Freeth and Gibson 1985) . The relationship between fitness and the Adh genotypes is controversial (Van Delden 1982; Zera et al. 1983; Gibson and Wilks 1988) , but the frequencies of Adh null alleles in Tasmanian populations are in agreement with the view that the differences in ADH activity may not be important for ethanol metabolism (Middleton and Kacser 1983) ; null heterozygotes may have a sufficient level of ADH. Early results from laboratory experiments show that Adh"AH52 can be maintained on normal culture media for >30 generations at polymorphic frequencies in competition with AdhF, although null homozygotes were eliminated in three generations on media supplemented with 6% ethanol (J. B. Gibson, unpublished data) . This provides evidence of the strong selective disadvantage of homozygotes, which have not been detected in the natural populations sampled. Ethanol levels in decaying apples, in which D. melanogaster were breeding, have been shown (Gibson et al. 198 1) to be in the range 0.06-0.39 (% v/v), although higher levels occur in other habitats.
The Tasmanian null allele has not yet been found in mainland populations, although there is the opportunity for it to spread there with the migration of D. melanogaster on transported fruit and vegetables. The null alleles that have been detected in mainland populations occur at lower frequencies. The two Adh null alleles from CoBIs Harbour were isolated 2 years apart, from different banana plantations. The DNA sequences of these two alleles were identical in the region of the Adh transcription unit, and this suggests that they were most likely derived from a common ancestral mutation. The 438-bp deletion removed most of exon 2 and is clearly responsible for the loss of ADH activity in these two null alleles. The Coffs Harbour data provide further evidence that Adh null alleles can be maintained over several years in natural populations, again suggesting that null heterozygotes are not at a great selective disadvantage compared with Adh genotypes that have normal levels of activity.
The Adh null allele found at Chateau Tahbilk, -1,000 km south of Coffs Harbour, represents the third form of Adh null allele so far found in natural populations, as it does not contain the structural changes shown to be present in the Tasmanian and Coffs Harbour nulls. Adh*ChT was detected in 1988 among a sample of 40 alleles that were being investigated for restriction-endonuclease variation, and its population frequency is unknown. The allele was not found in samples, taken from the same population, of 50 alleles in 1986 and of 46 alleles in 1987, and it is not yet known whether the null will persist in the population. The cause of the loss of activity in AdhRAChT cannot be deduced, with certainty, from the available data. It may be that the insertion in intron 1 disrupts transcription, but it remains possible that the cause of the loss of activity in adults and larvae is some other nucleotide change(s) , present elsewhere in the gene-and this would only be revealed by DNA sequencing. Nevertheless, it is clear that Adhtich7 represents a third type of Adh null-activity allele in Australian populations.
None of the naturally occurring Adh null alleles has the same structure as do any of the artificially induced null alleles which have been studied in D. melanogaster (O'Donnell et al. 1977; Aaron 1979; Chia et al. 1985 Chia et al. , 1987 Kelly et al. 1985; Martin et al. 1985; Batzer et al. 1988) , although some, induced by formaldehyde, have deletions in the Adh coding region (Benyajati et al. 1982 (Benyajati et al. , 1983a Le et al, 1990) . There is nothing in the molecular structures of either the Tasmanian or the Coffs Harbour Adh null allele to suggest the mechanism by which either of them occurred. Since there was no sign, in the DNA sequence, of the characteristic footprints left behind by some known forms of transposable elements (Finnegan and Fawcett 1985) , we have discounted (Gibson and Wilks 1989) the possibility that such elements caused the lesion in the Tasmanian null allele. Similarly, in the sequence of the Coffs Harbour null, there is no evidence of this kind that would explain the origin of the deletion. The insertion in AdhtiChT has not yet been sequenced, but it is possible that it is related to one of the classes of transposable elements found in D. melanogaster populations (Finnegan and Fawcett 1985 ) .
Finally, the geographically widespread occurrence ofAdh null-activity alleles provides further evidence that alleles that do not encode a protein can be maintained in natural populations. While it is unlikely that a null allele would replace an active allele, it is possible that a null could contribute to the population variance in the molecular landscape of the Adh transcription unit, or, if the null persists and accumulates further mutations, it may acquire a new function. It could be relevant in this context that the Adh transcription unit is probably located within an intron of the gene "outspread" (Chia et al. 1985) and that structural alterations to Adh, such as those found in the null alleles, therefore may affect transcription of this region. In this way, Adh null alleles might contribute to fitness differentials associated with another gene-and hence might be of evolutionary significance.
